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The phase concept implies that the state of soil changes from plastic to viscous liquid as a function of water content. This principle
could be used to interpret the behavior of mudﬂows, the most dangerous mass movements today. When Typhoon Jangmi hit northern
Taiwan in 2008, a mudﬂow occurred in the Maokong area as a result of the high-intensity rainfall. This case was studied using three
simulations, each with a different water content. Based on the mudﬂow classiﬁcations, the primary criteria used in this study were ﬂow
velocity and solid concentration by volume, while the major rheology parameters directly obtained from our new laboratory device, the
ﬂow box test, were yield stress and viscosity. The results show that the mass movement conﬁrmed the aforementioned criteria for
mudﬂow when the water content reaches or exceeds the liquid limit. The ﬂow box test can determine the viscosity for both plastic and
viscous liquid states, which is advantageous. Viscosity is important for explaining the general characteristics of mudﬂow movement
because it controls ﬂow velocity. Therefore, the present study successfully elucidates the changes in mudﬂow from its initiation to its
transportation and deposition via a numerical simulation using laboratory rheology parameters.
& 2013 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Mudﬂows are very rapid ﬂow-like movements of saturated,
ﬁne-grained masses of materials with water contents equal to
or higher than the liquid limit (LL). Mudﬂows are considered
one of the most dangerous types of mass movements because
of their sudden occurrence (Michael, 2009). Hence, research
on their complex characteristics during their initiation, trans-
portation, and deposition is important. When soils change
from the solid phase to the plastic phase, the shape of the soil13 The Japanese Geotechnical Society. Production and hostin
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nder responsibility of The Japanese Geotechnical Society.mass gradually becomes deformed. When the water content
increases to the liquid limit, the mass of soil starts to move
very quickly, like a liquid. Under this condition, the soils are
deﬁned as being in the viscous liquid phase and they move like
a mudﬂow (Lee and Widjaja, 2011).
Several factors, including high-intensity rainfall and inﬁl-
tration on a steep slope (201–451), trigger mudﬂows (Hungr
et al., 2001). Predicting the consequences of these factors is
difﬁcult, because the triggering factors are functions of the
weather (Vaughan, 1994). Therefore, predicting mudﬂows as
geomorphic hazards is probably even more difﬁcult than
forecasting the weather.
By deﬁnition, mudﬂows are initiated when the water content
(w) is equal to or higher than the liquid limit (LL). However,
the viscosity (Z) of a soil is difﬁcult to determine because of the
limitations of the conventional viscometer. A viscometer is
designed to take measurements when the liquidity index (LI)
of the viscous liquid is greater than one (Blight, 1997).
However, the value of Z varies according to the level of shearg by Elsevier B.V. All rights reserved.
Fig. 1. Hyetograph for September 2008 for Maokong area (Yang, 2008).
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parameter that is not easily determined. Currently, no com-
mercial apparatus has been found that can be used to measure
the viscosity of a material under conditions very close to LL.
To date, direct laboratory tests on the liquid limit (LL)
and their direct simulations have not yet been conducted.
In the present research, the direct shear test (DST) and the
moving ball test (MBT) are conducted by Lee et al. (2008)
and Hendriks (2009), respectively, to obtain the yield stress
(ty), which is the key mudﬂow parameter for the numerical
simulation. The ‘‘Flow Box Test’’, a new laboratory device
for obtaining the viscosity of soils at the LL condition, is
developed based on the trap-door principle (Terzaghi,
1943). The ﬂow box test (FBT) offers the advantage of
measuring the viscosity (Z) in both plastic and viscous
liquid phases using displacement data.
Since the phase concept indicates the changes in plastic
and liquid states as functions of the water content (w), the
viscosity (Z) can be reliably calculated from the derived ﬂow
curves. In this paper, we demonstrate the use of the viscosity
(Z) data and the yield stress (ty) data, obtained with our
new device, to interpret an actual Maokong mudﬂow case
using a numerical simulation. This mudﬂow event occurred
in September 2008 when high-intensity rainfall, caused by
Typhoon Jangmi, hit Taiwan. A back analysis using pub-
lished empirical rheology parameters, based on the deposi-
tion area, has also been employed (Sosio et al., 2007;
d’Agostino and Tecca, 2006; Calligaris et al., 2008).
The primary objective of this study is to simulate the
Maokong mudﬂow using three different water contents. The
process is based on the rheology parameters derived from the
ﬂow box test (FBT). The three cases are: (i) plastic state
(woLL), (ii) liquid limit (w=LL), and (iii) viscous liquid state
(w4LL). The behavior of each state (i.e., ﬂow depth and ﬂow
velocity) is analyzed and categorized (i.e., landslide or mud-
ﬂow). The numerical simulation is then compared to the actual
mudﬂow event. Hence, the purpose of this research is to
elucidate the mudﬂow process from initiation to transporta-
tion, and then to deposition by varying the water content
levels and applying the FBT results.
2. Case study: mudﬂow in Maokong
2.1. Location of case study
Typhoons Sinlaku and Jangmi hit Taiwan two weeks apart
in September 2008. Based on rain gauges located close to the
study area, the total amount of rainfall was 610 mm for
Typhoon Sinlaku (5 days) and 446 mm for Typhoon Jangmi
(3 days). The hyetograph describing the rainfall caused by the
two typhoons is presented in Fig. 1 (Yang, 2008). The mean
annual rainfall in Taiwan is 2471 mm, but by the time the
second typhoon hit, the soil in the study area had already
been saturated by almost half that amount.
A mudﬂow occurred in the hillside area of Maokong in the
Muzha district on 29 September 2008 (Fig. 2). Located on the
upper part of this hill is the Maokong Gondola, pier numberT16, used for cable cars. The mudﬂow occurred just below this
pier and the mud began to ﬂow at the surface. The material
was deposited downhill, covering the open space of the
Chengchi University Flower Garden Estate (e.g., tennis court).
The hill is 120-m high and has an average slope steepness
of 291. The mudﬂow channel was 278-m long and 25–40 m
wide. The volume of debris was estimated at 2376 m3.
2.2. Soil stratification and parameters of mudflow
Maokong is located in the Western Foothill geology zone.
The cross-section of Maokong in Fig. 3 shows that it is
comprised mainly of sandstone and shale (Chen, 1987). Based
on the soil stratiﬁcation, derived from the nine technical bores
in this location, the upper part is sandy silt with an average
thickness of 2.0 m and is located above successive layers of
shale and sandstone (Fig. 3). Shale is a kind of intermediate
material that easily undergoes weather deterioration upon
direct contact with air and water (Handy and Spangler, 2007).
Sandstone is very porous and permeable.
Rainfall inﬁltration resulting from a typhoon can reach
voids in the soil and increase water content (w) levels.
When w is equal to or higher than the liquid limit (LL), the
soil may change from the plastic state to the viscous liquid
state. The material then ﬂows because of gravitational
loading. An increased w can reduce the shear strength and
the viscosity (Z), which in turn affects the mudﬂow as the
value of Z controls the mudﬂow during transportation and
the mudﬂow stops when the shear force becomes lower
than the friction force.
2.3. Soil parameters
A soil sample of the disturbed area was obtained from the
former mudﬂow, particularly from the sandy silt layer. A ﬂow
box test (FBT) was then conducted, the setup of which can be
seen in Fig. 4. Table 1 presents the basic soil parameters. This
Fig. 2. Mudﬂow in Maokong on 29 September 2008 (Left image from Yang, 2008).
Fig. 3. Soil stratiﬁcation of Maokong on cross section A-A. Mudﬂow
moved on sandy silt layer.
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determined to be kaolin by X-ray diffraction. The soil was
classiﬁed as low plasticity silt (ML) based on the uniﬁed soil
classiﬁcation system, indicating the dominance of ﬁne-
grained soil.
The cohesion (c) value was 2.1 kPa at the liquid limit
(LL). This value was obtained from a previous study using a
direct shear test (DST) and a moving ball test (MBT)
coupled with a viscometer (Lee et al., 2008; Hendriks, 2009).
3. Rheology characteristics
3.1. Laboratory analysis
A large soil sample was taken from the mudﬂow area
and its viscosity (Z) was determined using a ﬂow box test
(FBT) that employed a laboratory viscometer based on a
trap-door mechanism (Terzaghi, 1943). The value of Z
depends on the value of the water content (w) and isestimated from the displacement of the trap door that is
caused by the force acting on the ﬁne-grained soil sample.3.2. Dimension of flow box and loading
The ﬂow box was made of acrylic, 1.0 cm in thickness,
and consisted of separate lower and upper chambers
(Fig. 4). The soil sample compartment was 40 cm long
and 10 cm wide, and the sample height was kept low at
5 cm in order to obtain a vertical failure. The trap door,
which is located in the middle section between the upper
and lower chambers, was 8 cm wide and 10 cm long.
Attached below this trap door is a compression spring
with a spring constant of k¼0.087 N/m. The upper
chamber served as a loading chamber and had a similar
length and width to the trap door, but a different height
(40 cm). A distributed load of 3.5 kPa was applied using a
water-ﬁlled ﬂexible plastic bag. The minimum value of
cohesion (c) for this geometry was 1.4 kPa, a value lower
than c at the liquid limit (2.1 kPa). Hence, this approach
allowed us to obtain more data on the viscous liquid state.3.3. Sample preparation
In order to produce a series of samples with varying
water contents (w), a 5 kg dry soil sample was thoroughly
mixed with distilled water using a soil mixer. The samples
were covered, air-sealed, and kept for 24 h to achieve a
homogeneous water content before being remixed for
another 30 min. The water content was then measured
and discovered to range from 28.94% to 39.86% with a
3.5 kPa load. The Maokong soil had liquid limit (LL) and
plastic limit (PL) values of 33 and 26, respectively, while
the unit weight ranged from 19.1 kN/m3 to 25 kN/m3. The
cohesion (c) values were obtained from previous studies
Fig. 4. (a) Setup of FBT (b) general view of FBT.
Table 1
Soil parameters.
Soil LL PL PI Gs CF% c f g
(kPa) (kN/m3)
Maokong 33 26 7 2.66 32 1.48–12.00 0 19.10–25.00
Note: LL is liquid limit; PL is plastic limit; PI is plasticity index; Gs is
speciﬁc gravity; CF is clay fraction; c is cohesion; f is internal frictional
angle and g is unit weight.
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test (MBT).
3.4. Testing procedure
The trap door was kept closed during the tests. Below the
trap door, a linear variable differential transformer (LVDT)
was installed to measure the displacement. Samples with the
desired water contents (w) were prepared and the lower
chamber was ﬁlled with the soil sample. After placing a
ﬂexible plastic bag in the chamber, water was added to create
a distributed load. The trap door was opened when the
sample was ready to run and the resulting displacement was
determined using the LVDT. When the LVDT reading
reached the steady state, it was stopped. The water content
was checked and the unit weight was measured. The output
of the ﬂow box represented the relationship between dis-
placement (d) and time (t), and from that, an experimental
ﬂow velocity proﬁle was derived. Using the ﬂow box, the
displacement proﬁle was obtained, and viscosity (Z) and
liquidity index (LI) graphs were constructed.
3.5. Calculation for obtaining viscosity function
The steps for measuring viscosity, according to the
different water contents, are described in this section andalso shown in Fig. 5. The velocity–time graph (Fig. 5(b))
can be obtained by taking the ﬁrst derivative of the
displacement–time graph in Fig. 5(a). Fig. 5(e) was
obtained from Fig. 5(d). Then, with recourse to the input
cohesion, the viscosity–time function derived from a series
of linear viscosity–time functions is determined by point-
matching in (Fig. 5(e)). The viscosity can be determined
using a series of previously derived linear functions at
any desired initial time. From the series of initial points
on the velocity–time graph (Fig. 5(e)), the closest initial
point that matches the initial point of the experimental
results is then determined (Fig. 5(f)). The displacement–
time graph is then generated by implementing the selected
viscosity–time function. Using that viscosity–time func-
tion, a curve-matching procedure is applied (Fig. 5(g))
until the calculated curve matches the experimental results
(Fig. 5(h)). The viscosity when t¼0 is deﬁned as the initial
viscosity.3.6. Developing initial viscosity and liquidity index graph
Two graphs were plotted, one for the set of displacement
proﬁles and the other for viscosity (Z) against time (t).
When the time was set to t¼ t1, a series of Z values was
obtained. The liquidity index (LI) value and each Z value
for t¼ t1 were combined and the graph for those values at
t¼ t1 was drawn. These steps were performed at other
speciﬁc times too (e.g., t¼ t2, t3,. . ., tn).
A single graph showing the evolution of viscosity (Z)
over time was presented, with liquidity index (LI)¼LI1 set
in order to obtain a series of Z levels. A curve in the Z
(in log scale) and time (t) space was plotted with the initial
curve extended to t¼0. An initial Z at LI1 was determined,
followed by the determination of other initial viscosities
for other speciﬁc LIs. Consequently, the set of initial Z and
LI data was plotted as shown in Fig. 6.
Fig. 6. Viscosity for Maokong using FBT for surface area (sandy silt).
Fig. 5. Procedure for obtaining initial viscosity.
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4.1. Hydraulic model FLO2D
FLO2D (O’Brien, 1986) employs the ﬁnite difference
method to model a simple conservation volume that
distributes the hydrograph of a mudﬂow using a system
of square grid elements. This software can simulate a
mudﬂow event during transportation and deposition. It is
also an instrument for designing a mitigation hazard plan
in response to mudﬂow movement.
The required input of FLO2D is a detailed topographic
map, soil and rheology parameters, as well as the volume of
the mudﬂow. FLO2D can predict the thickness and the
velocity (v) of a mudﬂow during its transportation. There-
fore, the ﬁnal depositional results can also be presented.
FLO2D has been successfully used to simulate many mud-
ﬂow cases with acceptable results (Bisantino et al., 2010;
Calligaris et al., 2008; O’Brien et al., 1993).
A parameter related to the water content (w) is the solid
concentration by volume Cv (O’Brien, 1986), which is deﬁned
as follows:
Cv ¼
Vsolid
VsolidþVwater
ð1Þ
where Vsolid is the volume of the solid part and Vwater is
the volume of the pore water. In another form, Cv can be
written as
Cv ¼
1
1þw Gs
ð2Þwhere w is the water content and Gs is the speciﬁc gravity.
It implies that if Gs and w are speciﬁed, then Cv can be
calculated. Hence, Cv is a major key element of mudﬂows
and the inﬂuence of the water content (w) is inherently
included in it.
O’Brien and Julien (1988) classiﬁed mudﬂows using Cv.
In a mudﬂow, Cv is within 0.45–0.55.
As Cv inﬂuences the yield stress (ty) and the viscosity (Z),
the latter two can be written as follows:
ty ¼ aebCv ð3Þ
Z¼ gedCv ð4Þ
Fig. 7. Comparison between viscosity and liquidity index for Maokong
soil and previous research.
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laboratory tests.
The other parameter is the Manning’s coefﬁcient of ﬂow
resistance (n). This value is similar to the friction coefﬁ-
cient and is dependent on surface roughness.
4.2. Bingham model
Rheology dictates the behavior of mudﬂows; it studies
the properties of the ﬂows and the deformation subject to
stress (Lorenzini and Mazza, 2004; Vyalov, 1986). Hence,
rheology deals with the deformation of plastic bodies.
Mudﬂows are non-Newtonian ﬂows as they have both
yield stress (ty) and viscosity (Z). During mudﬂow trans-
portation, the ﬂow velocity (v) is assumed to be a steady
laminar ﬂow (Krizek, 2004; Kezdi, 1974). This assumption
implies that the velocities of both the solid and the water
portions of the soil are similar. Based on the assumption
that a ﬂow is laminar, the total deposition volume shown
in a hydrograph is similar to the actual deposition volume.
The viscosity (Z) determines the manner in which ﬂuid
ﬂows with internal resistance. And, in a way, is similar to
the external friction experienced by the movement of a
solid material (Giancoli, 2000). In a laboratory test, the Z
for a ﬂuid can be measured using a viscometer. For time-
dependent deformation, Z controls the velocity of the
displacement (Bonzanigo et al., 2006).
The Bingham model is one of the most well-known
models for simulating the behavior of mudﬂow using a
linear relationship for high levels of shear strain rate. This
model is commonly used because of the viscous force that
controls the material behavior in a laminar ﬂow. This
model is also appropriate for materials with ﬁne contents
greater than 50% (Hungr et al., 2001; Varnes, 1978) and
with a measurable yield stress (Chen, 1988). Furthermore,
the average movement of a mudﬂow is relatively high and
compatible with high levels of shear strain rates.
The yield stress (ty) is the intersection point at the null
shear strain rate in the shear stress (t) and the shear strain
rate coordinate. This value indicates the minimal shear
stress required to produce motion. If t is lower than ty,
then the wetted soil behaves similarly to a plastic solid
material, but if t is larger than ty, then the wetted soil
becomes a viscous liquid ﬂuid (Krizek, 2004). According
to O’Brien and Julien (1988), ty can then be treated as
constant cohesion.
The Bingham model equation is as follows:
t¼ tyþ yZ_g ð5Þ
where ty is the yield stress, t is the shear stress, Z is the
viscosity, and_g is the shear strain rate.
4.3. Modeling conditions
The values of Manning’s coefﬁcient (n) were in the range
of 0.0083 to 0.48 (COE, 1997). Since this value represents the
frictional coefﬁcient, we determined that the appropriate nwas 0.35 for the hillside and 0.04 for the deposition region,
after a back analysis of the Maokong mudﬂow.
Based on our assessment of the local vegetation condi-
tions, resistance parameter K was assumed to be 4000
(Woolhiser, 1975). This is the value used for the back
analysis and it controls the ﬂow velocity and the area of
deposition (d’Agostino and Tecca, 2006). The hydrograph
for this mudﬂow case was based on the 2376 m3 volume of
the laminar ﬂow of the mudﬂow. The volume is deducted
from the real deposition volume of the mudﬂow. This
volume is estimated from the real deposition volume of the
mudﬂow and is equal to the source area, 53-m long, 15-m
wide, and 3-m thick on average. The time was estimated to
be 15 min during the peak ﬂow (2.64 m3/s), which was
assumed to have a rectangular form. Therefore, the
simulation used a 4 m 4 m square grid.
5. Results and discussion
5.1. Laboratory-measured rheology parameters
Given the different types of tests used, the viscosity (Z)
of the Maokong mudﬂow from the ﬂow box test (FBT) is
obtained in the plastic and the viscous liquid states.
Therefore, the Z from the FBT is the value when the
liquidity index (LI)¼1 approximately (Fig. 6), while the
moving ball test (MBT) only provides for cases when
LI41. Hence, there is a gap between the tests, as shown in
Fig. 7. The Z values from FBT and MBT range from
0.015 Pa s to 0.009 Pa s (for LI¼12) and 0.01–0.008 Pa s
(for LI¼2.6–4), respectively. Line interpolation can be
applied for LI¼22.6 using the FBT and MBT results in
order to deduce the unknown viscosity values because the
gap between the tests is relatively small, compared to the
data already known, and the trend is approximately linear.
The same tendency is shown for kaolin soil. Furthermore,
the present results are similar to results in other published
S.H.-H. Lee, B. Widjaja / Soils and Foundations 53 (2013) 77–90 83studies (Z¼0.007 Pa s–5 105 Pa s) in terms of the rela-
tionship between Z and LI.
The relationship between the viscosity (Z) and the
liquidity index (LI) for Maokong soil using the ﬂow box
test (FBT) is shown in Fig. 6. The results imply that the
measurement range for Z from FBT could be in two
phases, namely, the plastic phase and the viscous liquid
phase. The interesting ﬁnding here is that for the plastic
phase, the gradient of the curve is higher than that for the
viscous liquid phase. For the plastic phase, the viscosity (Z)
is in range of 0.05–2.0 Pa s. An increase in LI is followed
by changes in Z in the viscous liquid phase, speciﬁcally a
change from 0.05 Pa s to 0.008 Pa s. In this research, our
tests have found that the Z of a mudﬂow is reduced by a
factor of 40 in the plastic phase, but only by a factor of 6.3
in the liquid phase. This means that once the rainfall forces
the water content past the liquid limit (LL), the increasing
water content (w) is likely to cause the liquidity index (LI)
to increase up to 2.0 and the Z to decrease by a factor
of 6.3. This low Z value (0.008 Pa s) will cause the mudﬂow
to move with a higher velocity. The test results for the
viscosity of kaolin varies from 3 Pa s to 0.3 Pa s for cases
of LI equaling 1.0 and 2.0, respectively. These results are
also shown in Fig. 7 with lines 9 and 7. Therefore, a kaolin
mudﬂow will not move as fast as the Maokong mudﬂow; it
will move slower down to the slope toe, unless more water
is added into the kaolin until the LI decreases to 6.
Fig. 7 shows that the ﬂow box test (FBT) results are
similar to those from other studies (Vallejo and Scovazzo,
2003; Mahajan and Budhu, 2006, 2008; Jeong, 2010; Locat
and Demers, 1988; Locat, 1997). The viscosity (Z) range of
the published studies is in the range of 0.007 Pa s to
5 105 Pa s. Maokong soil and kaolin also show the same
tendency for the relationship between the viscosity (Z) and
the liquidity index (LI) since FBT covers a wide range of
water contents. The FBT for the Maokong soil stopped at
LI=2 due to the limitation of the device geometry and the
loading in its governing equation. For this reason, the
viscosity of the Maokong soil was derived from the moving
ball test (MBT), which is suitable for testing soil samples
with an LI higher than 2. A similar tendency was alsoFig. 8. Comparison among other results, (a) viscofound to be valid for kaolin soil, as measured from the
FBT and the MBT.
Comparisons of the viscosity (Z) and the yield stress (ty)
of the Maokong mudﬂow with other published results,
based on the solid concentration by volume (Cv), are shown
in Fig. 8(a) and (b). The Cv value for the plastic state is
greater than 0.513, while the value is below that for the
viscous liquid state. Generally, the results from the other
studies have only been based on the viscous liquid state.
Compared with the viscous liquid state, the Z values derived
from the FBT are within the range of the other results. The
Z of the Maokong mudﬂow is higher than that reported by
Dai et al. (1980), as well as that by Kang and Zhang (1980),
but lower than that by O’Brien (1986). For the viscous
liquid state, the Z is lower than Bisantino et al. (2010). The
FBT results determine Z in both the plastic and the viscous
liquid phases (Fig. 8(a)). The intersection of the two lines in
our data may be treated as the liquid limit (LL).
Fig. 8(b) shows that the yield stress (ty) of the Maokong
mudﬂow is higher than that published by Chien and Ma
(1958), Dai et al. (1980), and O’Brien (1986). However,
ty is lower than that by Fei (1981).
The yield stress (ty) function was adopted from a
combination of a direct shear test (DST) and a moving
ball test (Hendriks, 2009) using the same soil sample. The
ty results show tendencies similar to those of the viscosity
(Z) values (Fig. 8(b)). This ﬁnding is acceptable because of
the assumption that ty is constant at any particular water
content (Ferraris and Winpigler, 2000).
In the current paper, three cases were simulated to
encompass both the plastic and the viscous liquid states
using FLO2D. The input data used the viscosity (Z) and
the yield stress (ty) as functions of the solid concentration
by the volume (Cv) derived from the laboratory tests. Cases
1–3 refer to the water content (w) levels lower than, equal
to, and higher than the liquid limit (LL), respectively. The
mudﬂow parameters for each case are shown in Table 2.
Case 1. Plastic state (woLL)
Case 1 has a water content (28.94%) lower than the
liquid limit (33%). The viscosity (Z) is 0.2 Pa s, the yieldsity from FBT and (b) yield stress from MBT.
S.H.-H. Lee, B. Widjaja / Soils and Foundations 53 (2013) 77–9084stress (ty) is 12 kPa, and the solid concentration by volume
(Cv) is 0.565. Case 1 had the thickest Z. The simulation
results show that the soil movement during the transporta-
tion was not smooth and continuous, unlike the ﬂowTable 2
FLO2D simulation parameters for Cases 1–3.
Case 1 2 3
woLL w=LL w4LL
w (%) 28.94 33 39.86
LI 0.42 1.00 1.98
ty (kPa) 12 2.1 1.48
Z (Pa s) 0.2 0.05 0.008
Cv 0.565 0.513 0.472
Fig. 9. Simulation for Maokong mudﬂow based on ﬂow depth: (a), (b), (c) ﬂo
(d), (e), and (f) maximum velocity for LI¼0.42, LI¼1, and LI¼1.98, respectmaterial behavior (Fig. 9(a)). The deposition area was still
on the hillslope and did not reach the open area between
buildings. The deposition area was the smallest and the
ﬂow length was the shortest compared to the other cases.
Case 2. Liquid limit (w¼LL)
Case 2 has a water content (w) equal to the liquid limit (LL).
Based on the results, the soil moved in a manner similar to the
ﬂow material. Therefore, the material continually moved
downward because of a lower viscosity. Compared to Case
1, the viscosity (Z), the yield stress (ty), and the solid
concentration by volume (Cv) decreased to 75.0%, 82.5%,
and 9.2%, respectively. The reduction in Z resulted in a faster
ﬂow velocity, while the reduction in ty and Cv resulted in
larger deposition, ﬂow thickness, and ﬂow length. As shown in
Fig. 9(b), the deposition approached the open area around thew depth for LI¼0.42, LI¼1, and LI¼1.98, respectively; based on velocity
ively.
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results conﬁrm that the mudﬂow was in the viscous liquid
state.
Case 3. Viscous liquid state (w4LL)
Case 3 has a water content (39.86%) higher than the
liquid limit (LL). Compared to Case 1, the viscosity (Z), the
yield stress (ty), and the solid concentration by volume (Cv)
for Case 3 decreased to 96.0%, 87.6%, and 16.5%,
respectively. Case 3 was in the viscous liquid state. Hence,
the simulation results for this case behaved similarly to
those in Case 2. However, the ﬂow velocity was the fastest
(maximum¼6.3 m/s).
5.2. Flow behavior
According to O’Brien and Julien (1988), Case 1 can be
considered a landslide. Cases 2 and 3 are considered
mudﬂows. These classiﬁcations imply that a landslide occursFig. 10. Flow depth proﬁle for Case 1 when water content is lowerin a plastic state, whereas a mudﬂow occurs in a viscous
liquid state. These results are consistent with those of
Hungr et al. (2001) as well as O’Brien and Julien (1988).
5.3. Comparison of flow velocity
The ﬂow velocities for Case 2 (Fig. 9(e)) and Case 3
(Fig. 9(f)) have similar tendencies. Case 1 requires 1 h to
simulate the mass movement with a maximum ﬂow
velocity lower than 1.6 m/s (Fig. 9(d)). However, Cases 2
and 3 only require 4 min 12 s and 3 min 36 s, respectively,
because they are less viscous than Case 1. The maximum
ﬂow velocity for Case 2 is within 0.7–6.0 m/s (Fig. 9(e))
and that for Case 3 is within 0.7–6.3 m/s (Fig. 9(f)).
Therefore, the viscosity (Z) controls the velocity as a
decreased Z results in increased ﬂow velocity.
Overall, the simulation results from Case 2 explain how
a mudﬂow moves in relation to its water content (w)
and viscosity (Z). All materials from the source area arethan liquid limit (the ﬂow thickness is exaggerated to 10 times).
S.H.-H. Lee, B. Widjaja / Soils and Foundations 53 (2013) 77–9086transported to the deposition area, implying that the volume
of the deposition area is close to or equal to the source area.
This ﬁnding also emphasizes that when the w is at the liquid
limit (LL), the soil turns into a mudﬂow (Olson, 1989).
Based on this simulation, the mudﬂow moves without any
deposition during its transportation, except in the deposi-
tion area, which is controlled by the viscosity (Z). If the
water content (w) increases to greater than the liquid limit
(Case 3), the Maokong soil will tend to behave similarly to
that in Case 2 because of a slight difference in Z.
Compared to the 25% decrease in viscosity (Z) from the
plastic state (Case 1) to the liquid limit (Case 2), the
maximum ﬂow velocity increased 3.75 times. For Case 3,
the 4% decrease in Z from the plastic state (Case 1) in the
viscous liquid state resulted in an increase of the maximum
velocity by 3.94 times. Velocity (v) in Case 3 is 5% faster
than that in Case 2. The velocity range of 1.4–6.3 m/sFig. 11. Flow depth proﬁle for Case 2 when water content is equademonstrates the signiﬁcant change in velocity when soil
changes from the plastic state to the viscous liquid state.
The slight decrease in Z in the viscous liquid state results in
a slight increase in velocity.
According to Hungr et al. (2001), the mudﬂow velocity (v)
should be higher than 0.05 m/s. This criterion is accept-
able only if the water content (w) is equal to or higher
than the liquid limit (LL), and Cases 2 and 3 meet this
criterion.
However, the different states show that changes in
viscosity (Z) govern the mass movement classiﬁcation
(landslide or mudﬂow). The mass movement starts from
a plastic state, which is where a landslide ﬁrst occurs (Case 1).
Then, when the water content (w) increases until it equals
the liquid limit (LL), the mass moves in a manner similar
to that of ﬂow material, and consequently, a mudﬂow
occurs (Case 2). If the w further increases (Case 3), the ﬂowl to liquid limit (the ﬂow thickness is exaggerated to 10 times).
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the decreased Z. These results validate those of O’Brien
and Julien (1988).
Hence, the key parameter in the present simulation is Z.
Changes in the soil states (i.e., from the plastic state to the
viscous liquid state) govern the mudﬂow behavior, including
ﬂow velocity.
5.4. Flow depth
The ﬂow depth for each case has a trend similar to that of
velocity. The maximum deposition thickness for Cases 1–3 are
2.7 m, 2.02 m, and 2.0 m, respectively.
Since the water content (w) in Case 1 is lower than the liquid
limit (LL), it is in the plastic state, and therefore, not classiﬁed
as a ﬂow-type case. This is shown in the proﬁle of transported
material (Fig. 10). The ﬂow depth thickness during transporta-
tion is within 0.3–3.0 m. However, there is no deposition in theFig. 12. Flow depth proﬁle for Case 3 when water content is higherﬂat area for this case. The material stops moving while still on
the hillside at the time of about 60 min (Fig. 10(e)).
Case 2 shows that the material ﬂows from the source area
with the characteristics of a ﬂow-type material during trans-
portation when the water content is equal to the liquid limit.
As shown in Fig. 11, from 1 min 12 s to 12 min in simulation
time, the thickness during transportation conﬁrms the mass
movement ﬂows on the hillside, which indicates that the
material has the characteristics of a ﬂow-type material. The
soil material reaches the ﬂat area in 4 min 12 s. Deposition
occurs in the open space with a thickness of 1.4–2.02 m.
Case 3 (Fig. 12) shows similar tendencies to Case 2. The
material reaches the ﬂat area in 3 min 36 s. The ﬂow depth
thickness during transportation is relatively the thinnest.
For Case 3, the deposition area (tennis court) had a ﬂow
depth thickness of 1.1–2.0 m and is smaller than for Case 2,
namely, 1.4–2.02 m. Compared to in situ measurements,
the thickness is shown to be between 1.1 m and 2.2 m.than liquid limit (the ﬂow thickness is exaggerated to 10 times).
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relatively close to the in situ measurements. Since a
decrease in Cv for Case 3 results in a decrease in the ﬂow
depth thickness, it is obvious that the parameter control-
ling the ﬂow depth thickness is the solid concentration by
volume (Cv).
A comparison among all three cases is presented in
Fig. 13. As shown in Fig. 13(d), the total simulation time
for the whole volume of mudﬂow is 21 min and 19 min for
Cases 2 and 3, respectively.
Case 2 (Fig. 11) and 3 (Fig. 12) are slightly different in
terms of the area affected by the mudﬂow movement. The
area most affected by the mudﬂow is that in Case 3; it is
recommended for analysis, as it is the case most similar to the
actual site conditions. The difference between the two cases
could be caused by small differences in the viscosity (Z), the
yield stress (ty), and the solid concentration by volume (Cv).
The simulation ﬁrst arrival time of Case 3, from initiation to
deposition, is 3 min 36 s (Fig. 12(c)). Using a back analysis, the
appropriate time deduced from the real deposition volume for
this case from the mudﬂow hydrograph is 15 min, based on
the assumption that the mudﬂow is a laminar ﬂow. Based on
actual observations by Clover (2008), the time it took the
mudﬂow to move from the initiation stage to the transporta-
tion stage, and thus, to approach the ﬁrst part of the ﬂat area,
was estimated to be between 2 min and 4 min. The soil
deposited at the tennis court had a maximum depth of
2.2 m. Therefore, the simulation results for Case 3, using the
ﬂow box test (FBT) parameters, were the closest to the in situ
measurements in both arrival time and ﬂow depth thickness.
Hence, the parameters deduced from the FBT are adequatelyFig. 13. Flow depth proﬁle for Cases 1–3 for different simulareliable and could be directly used for the simulation of actual
mudﬂow cases.
5.5. General characteristics
The results of the Maokong case also imply that after
the water content (w) equals or exceeds the liquid limit
(LL), both the velocity and the ﬂow depth have tendencies
similar to those of the mudﬂow. Consistent with the results
of Petkovsek et al. (2009), a mudﬂow is initiated when the
w is equal to the LL (i.e., Case 2). The viscosity (Z) controls
the ﬂow velocity (v), while the ﬂow depth thickness during
transportation and deposition is controlled by the solid
concentration by volume (Cv).
The results of Cases 2 and 3 conﬁrm that the location of
the source area is consistent with the measurement by ﬁeld
topography, including the area of deposition.
In the present simulation, the viscosity (Z) is assumed
constant for certain water contents (w) by virtue of applying
the Bingham model. If Z is lower, the ﬂow velocity (v) is
higher, and vice versa. According to Gonzalez et al. (2008),
Z functions as a counterbalance for movement. Therefore,
the results of the present case study elucidate the process of
a mudﬂow from its initiation to its deposition.
6. Conclusion
Mudﬂows have an initial tendency to move when
the water content (w) is equal to the liquid limit (LL).
This deduction is based on a three-case numerical simula-
tion of the Maokong mudﬂow using different viscosities.tion time (the ﬂow thickness is exaggerated to 10 times).
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laboratory tests using the moving ball test (MBT) and
the ﬂow box test (FBT). The results support the current
mudﬂow classiﬁcations that operate on key criteria of
the solid concentration by volume (Cv). The other factor,
which is ﬁeld evidence for the deposition area, is conﬁrmed
to be relatively the same. The simulations demonstrated
how a mudﬂow behaves as a ﬂow material with a relatively
constant thickness during its transportation, and then
stops in a deposition area.
The current study also shows that the viscosity (Z),
derived from the ﬂow box test (FBT), is important for
explaining the general characteristics of mudﬂow move-
ment. Using the FBT, the viscosities for both the plastic and
the viscous liquid states can be determined and can be
directly inputted into numerical simulations. The Z controls
the ﬂow velocity, while the solid concentration by volume
(Cv) affects the thickness of the ﬂow and deposition. For
water contents (w) equal to or larger than the LL, the
numerical results conﬁrmed that the mass movement is a
mudﬂow, based on the key criteria of solid concentration by
volume (Cv) and water content (w). Therefore, a combina-
tion of laboratory tests, speciﬁcally the moving ball test and
the ﬂow box test, was proven necessary for determining the
rheology parameters of a numerical simulation. A ‘‘phase
concept’’ was then proposed in this research as well.
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